Levy et al Diastole, Exercise, and Aging 117 tribute to the 35% to 40% prevalence of subjects with congestive heart failure who have normal systolic function. 10"11 Although pathological hypertrophy, as occurs with hypertension, aortic stenosis and hypertrophic cardiomyopathy, impairs diastolic filling,12-'5 physiological hypertrophy that occurs as the result of exercise training does not impair diastolic filling.816-22 Animal studies have shown an improvement in diastolic function with exercise training. [23] [24] [25] [26] [27] [28] Cross-sectional studies in humans have suggested that exercise training may improve diastolic filling, 8'17'18'21'22 '29 whereas longitudinal training studies in the young have shown no change30 or an improvement in diastolic filling.31 However, there are no longitudinal studies in healthy elderly subjects, which would be of particular interest, because of the altered diastolic filling that occurs with aging.'-8 '22 The first purpose of this study was to determine the effects of aging on diastolic filling at rest and during exercise in healthy men. The second purpose was to determine whether 6 months of aerobic exercise training improves diastolic filling parameters in healthy elderly and young men. Our results document that endurance training enhances diastolic filling at rest and during exercise in healthy older and young men.
Methods

Subjects
The study population consisted of 14 older (mean age, 68 years; range, 60 to 82 years) and 17 young (mean age, 28 years; range, 24 to 32 years) healthy untrained male volunteers. Exclusion criteria included current smoking, hypertension, chronic use of any medication, any metabolic or cardiovascular disease, exercise-limiting arthritis or pulmonary disease, or regular exercise. All subjects were healthy with unremarkable medical histories, physical examinations, resting ECGs, complete blood counts, serum chemistry screens including cholesterol, and normal M-mode, two-dimensional and Doppler echocardiograms. Subjects underwent Bruce protocol maximal exercise testing, which included postexercise and redistribution tomographic thallium imaging in the older subjects. No young subjects were excluded on the basis of their exercise test results; however, 22 older subjects were excluded because of an abnormal exercise test.
Seventeen young and 14 older men entered the study and were evaluated before exercise training. Eleven of the young and 13 of the older subjects completed 6 months of exercise training and were evaluated after exercise training. All studies were conducted at least 36 hours after the last episode of exercise training to avoid the acute effects of exercise. The study was approved by the Human Subjects Committee of the University of Washington, and all subjects gave informed written consent. Exercise Training
The 6-month training program consisted of walking, jogging, and bicycling (10 minutes of stretching, 10 minutes of warmup, 45 minutes of exercise, and 10 minutes of cool down) four to five times per week in a closely supervised and monitored setting. Training began at 50% to 60% of heart rate reserve and increased to 80% to 85% by the fourth month. Maximal oxygen consumption was measured using a maximal Bruce protocol exercise treadmill test.
Study Protocol
On the morning of the study the subjects reported to the laboratory after a small breakfast and abstinence from caffeine. Red blood cells were labeled with 9'9Tc using the modified in vivo method of Callahan et al.32 Radionuclide ventriculograms were acquired during supine rest (a 15-million count and a 2-minute resting acquisition), with the legs moderately elevated in the exercising position (2 minutes Radionuclide ventriculography. Radionuclide left ventriculograms were performed using ECG-synchronized blood pool imaging at rest and during the final 2 minutes of each exercise stage. Resting images were acquired for 15 million counts, and exercise images were for 2 minutes (20 ms per frame) using a GE300 A/M camera (Milwaukee, Wis) with a high sensitivity parallel hole collimator, a software zoom of 1.5, a 64x64-pixel 16-bit word mode image, a 20% energy window, a beat rejection window of +20% using dynamic arrhythmia filtration,34 and a forward/backward reconstruction of the time-activity curve35 as previously described.36 The first 30% of the timeactivity curve is from the forward acquisition, whereas the last 10% of the time-activity curve is from the backward acquisition. The intermediate portion of the time-activity curve (30% to 90%) is ramped from both the forward and backward acquisitions. Radionuclide ventriculograms were processed as previously described in our laboratory. 36 The images were temporally and spatially smoothed. Automated regions of interest were obtained for each 20-ms image throughout the cardiac cycle. These regions of interest were applied to the unfiltered (raw) data to obtain a time-activity curve. The time-activity curve was smoothed with a four-harmonic Fourier transform. The peak early filling rate and the peak atrial filling rate were derived from the first derivative of the time-activity curve along with the RR interval, diastolic filling period, time to peak early filling rate, and time to peak atrial filling rate measured from end systole. At heart rates of more than 95 beats per minute, the peak early filling rate and the peak atrial filling rate typically merge into a single peak.'4 When this occurred, the single peak filling rate and the time to single peak filling rate were measured.
Numerous methods have been used to normalize diastolic filling parameters. We chose to express the radionuclide filling rates by two different methods. First, the peak early filling rate was normalized to the end-diastolic volume (end-diastolic volume per second). Be- General. Body surface areas were similar in the two groups ( Table 1 ). The supine resting blood pressures were higher in the older subjects (all P .01). The maximal oxygen consumption was 34% less (P<.0001) and the peak work rate was 29% lower (P<.0001) in the older subjects. The left ventricular mass index was not significantly different between groups (P=.09).
Resting diastolic filling parameters. The older subjects had evidence for age-associated alterations in diastolic filling (Table 1 and Fig 1) . The resting RR interval, diastolic filling period, time to peak atrial filling, and time to peak early filling were similar in the older and young subjects. The peak early filling rate was decreased in the older group compared with the young, as measured by both end-diastolic volume per second (-35%, P<.0001) and mL-s`* m2 (-51%, P<.0001). The peak atrial filling rate was increased in the older subjects when expressed in end-diastolic volume per second (+112%, P<.0001) and in mL-s`* m2 (+52%, P=.003).
Diastolic filling parameters during exercise. During peak exercise, the elderly had a lower peak heart rate, which resulted in a longer diastolic filling period (Table  1 ). The time to single peak filling at peak exercise was similar in the two groups. The single peak filling rate normalized to the end-diastolic volume was 24% less in the older subjects (P'.0001), and the absolute single peak filling rate at peak exercise (mL. s`. m-2) was 32% less in the older subjects (P=.0002) (Fig 1) .
The peak filling rates during exercise are shown in Fig  2. At the 600 kpm and the peak work rate, all subjects had only a single peak filling rate, but at rest and lower work rates (200 and 400 kpm), most subjects had separate peak early filling rate and peak atrial filling rate. In these cases, the peak early filling rate was used for Fig 2. As shown in Fig 2, the peak filling rate increased linearly with heart rate in both the older and the young subjects. However, at any given heart rate during exercise, the peak filling rate was lower in the older group.
Effects of Exercise Training on the Entire Group
General. Exercise training increased the maximal oxygen consumption by 19% (+7+±1 mL * kg.* min-' [ Table  2 ] training effect, P<.0001), whereas the peak work rate increased 26% (+242±29 kpm training effect, P<.0001). As would be expected with training, the resting heart rate decreased 14% (P<.0001), the end-diastolic volume increased 13% (P=.001), and the resting cardiac index was unchanged. Training increased the left ventricular mass index by 8% (+7±2 g/m2, P=.02). There was a slight decrease in body surface area. Levy LVMI, left ventricular mass index; DFP, diastolic filling period; TPEF, time to peak early filling; TPAF, time to peak atrial filling; PEFR, peak early filling rate; PAFR, peak atrial filling rate; TSPF, time to single peak filling; SPFR, single peak filling rate; EDV, end-diastolic volume.
Resting diastolic filling parameters. The bradycardic effect of exercise training resulted in a marked increase in the diastolic filling period, time to peak atrial filling, and RR interval (all P<.0001), whereas the time to peak early filling was unchanged (Table 3 and Fig 3) . The peak early filling rate normalized to the end-diastolic volume was unchanged with exercise training, whereas the peak atrial filling rate normalized to the end-diastolic volume decreased 16% (P=.002). Exercise training resulted in a 14% increase in the absolute resting peak early filling rate in mL. s' . m2 (+18+7 mL* s * m-, P=.02), whereas the absolute peak atrial filling rate (mL. s' -m-2) was unchanged.
Diastolic filling parameters during exercise. The peak heart rate, diastolic filling period, time to At all matched heart rates, the older subjects had a lower peak filling rate than the young.
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Heart Rate ± SE (BPM) the end-diastolic volume were unchanged with training (Table 4 and Figs 3 and 4) . However, training resulted in a 14% increase in the absolute single peak filling rate in mL* s *-m~2 (+66±20 mL s-1 * m-2, P=.004). Exercise training increased the peak early or single peak filling rate at rest and during exercise at all matched heart rates (Fig 4) .
Differential Effects of Exercise Training on the Older and Young Subjects
General. The older subjects had a slight decrease in body surface area due to a small decrease in weight, whereas the young were unchanged with exercise training ( subjects is unlikely to be explained by differences in the heart rate, as the decrease in the heart rate was similar in both groups. Both groups had a similar increase in the peak early filling rate measured in mL. s1* m2 (older, +20±6 mL. s' .m2 [+23%]; young, +15±14 mL s-' m 2 [+8%]; training effect, P=.02; training * young/older, P=NS), whereas the peak early filling rate expressed in end-diastolic volume per second was unchanged (older, +0%; young, +3%; training * young/older, P=NS).
Diastolic filling parameters during exercise. The peak heart rate, diastolic filling period, time to single peak filling rate, and single peak filling rate normalized to the end-diastolic volume were unchanged with training in either group (Table 4) . However, the peak exercise single peak filling rate increased similarly in both groups measured in mL -s1. m-2 (older, +79±27 mL -s' * M~2
[+21%]; young, +50±32 mL. s1 m-2 [+9%]; training, P=.0004; training * young/older, P=NS).
Thus, the major age-associated differential training effect was a selective decrease in the older subjects in the pretraining elevated resting peak atrial filling rate (measured in end-diastolic volume per second).
Correlates of Maximum Oxygen Consumption
Univariate analysis was performed using all pretraining (n=31 including the seven subjects who did not complete training) and posttraining (n=24) subjects (Table 5 and Fig 5) . The strongest univariate predictors for a greater maximum oxygen consumption were a higher peak heart rate (r=.79), a younger age (r=.78), a higher peak cardiac index (r=.76), a higher resting peak early filling rate, peak exercise single peak filling rate, and peak ejection rate whether measured in mL* s-* m~2 (r=.74, r=.65, r= -.69) or in end-diastolic volume per second (r=.68, r=.62, r= -.59). The resting peak atrial filling rate was not significantly correlated with maximum oxygen consumption whether measured in mL-s1. m2 (r= +.14, P=NS) or in end-diastolic volume per second (r= +.27, P=NS).
Multivariate analysis was performed using all univariate variables with P<.10. The multivariate independent predictors (P<.05) of a greater maximal oxygen consumption were a higher peak heart rate, a higher resting peak early filling rate (mL. s`1 m2), exercise training, and a younger age (Table 6 ).
Discussion
There are three major findings of this study. First, aging in healthy men is associated with marked alterations of diastolic filling parameters both at rest and during exercise. Second, exercise training augments early diastolic filling at rest and during exercise in both older and young men. This augmentation of diastolic filling during exercise may contribute to the increased maximal stroke volume, cardiac output, and maximal oxygen consumption after exercise training. Third, diastolic filling parameters (resting peak early filling rate or peak exercise single peak filling rate) correlate with the maximal oxygen consumption in univariate and multivariate analyses, suggesting that diastolic performance may determine, in part, maximal exercise capacity. Aging Numerous studies have shown marked age-associated alterations of diastolic filling parameters.1-9'22 The present study confirms those previous studies and extends them in that we measured diastolic filling both at rest and during exercise. The marked age-associated abnormalities of resting diastolic filling parameters persisted throughout exercise. At any given heart rate, the peak early filling rate and the single peak filling rate were reduced in the older group (Fig 3) . Thus, healthy elderly men have markedly impaired diastolic filling at rest, which persists during exercise. present in humans,40 an age-related increase in left ventricular mass,' and an age-related increase in , the time constant of relaxation.9 However, in humans, myocardial stiffness does not correlate with the peak early filling rate.41 In animals, there is an age-associated prolongation of the contraction duration, due mainly to a delayed relaxation of the aged myocardium. 42 The mechanism of the prolonged contraction duration probably is due to an age-associated decrease in calcium uptake by the sarcoplasmic reticulum.43 Decreased mitochondrial fatty acid oxidation and cytochrome c oxidase also may play a role in the delayed relaxation. 44, 45 Asynchronous myocardial contraction in the elderly also may contribute to the age-associated decrease in diastolic filling.46
Diastolic Filling During Exercise
Diastolic filling during exercise has not been studied extensively in humans.2'4748 Previous investigators have shown that the peak filling rate during exercise is related linearly to the heart rate in young subjects47 and that the elderly have a reduced peak filling rate at rest and during peak exercise.248 In our study, the peak filling rate was decreased in the older group at rest and at all work rates. The reduction in the peak filling rate in the older group at peak exercise is especially marked, probably due to the age-associated decrease in the maximal heart rate.
The increased diastolic filling during acute exercise presumably is secondary to an increased pressure gradient between the left ventricle and left atrium during early diastole. At submaximal exercise in dogs, the augmented diastolic filling is due to a marked downward shift of the early portion of the left ventricular pressure volume curve (-3 to -6 mm Hg), whereas the mean left atrial pressure is unchanged.49'50 The negative minimum left ventricular pressure (-1 to -3 mm Hg) that occurs during submaximal exercise results in an increase in the transmitral pressure gradient, creating a "diastolic suction" that augments early diastolic filling. This downward shift of the early portion of the left ventricular pressure-volume loop, "diastolic suction," that occurs during exercise presumably is due to enhanced sympathetic activation as similar results are seen with isoproterenol in humans or dobutamine in dogs, and P-blockers will prevent the "diastolic suction" in dogs and eliminate age-related differences in diastolic filling during exercise in healthy young and older men. 48, 50, 51 Although there is no increase in the left atrial pressure at submaximal exercise in dogs,49-50 at peak exercise in humans there is a small (+4 mm Hg) increase in the mean pulmonary capillary wedge pressure,52 which also would increase the transmitral pressure gradient and tend to increase early diastolic filling. Thus, there are two potential mechanisms to augment diastolic filling during exercise: an increase in the "diastolic suction" of the left ventricle and an increase in the left atrial pressure. The relative contributions of these two mechanisms to increased ventricular filling during exercise in older and young subjects before and after exercise training are uncertain. The augmented diastolic filling during exercise in dogs also is associated with a 25% to 40% decrease in l, the time constant of relaxation. 49 E so peak atrial filling rate in the older group in our study after exercise training. There are no previous longitudinal studies in older subjects of the effects of exercise training at rest or during exercise.
Our longitudinal data in both young and older subjects, in which training increased left ventricular mass significantly, further confirm that physiological hypertrophy does not impair diastolic filling but rather is associated with an improvement of absolute early diastolic filling rates at rest and at all heart rates during exercise in both the young and the elderly. In addition, exercise training in the elderly resulted in a decreased atrial contribution to ventricular filling. The increase in diastolic filling at peak exercise may be one mechanism to provide a greater stroke volume and thereby a greater cardiac output and maximal oxygen consumption at peak exercise after exercise training. 53 Left ventricular diastolic filling is closely correlated with systolic function as measured by the ejection We did not use invasive methods to measure diastolic function as these were deemed inappropriate in a healthy asymptomatic population. Magorien et a141 have shown that the radionuclide peak early filling rate was strongly correlated with the active phase of diastolic relaxation (maximum -dP/dt, r= -.85) and with an increased left ventricular end-diastolic pressure (r=.62) but was not correlated with the passive phase of diastolic filling (chamber stiffness, Kd, r= -.08). The increased diastolic filling during exercise is associated with a decrease in the time constant of relaxation, r.49,50 Thus, we cannot state with certainty that the changes in diastolic filling that occur with exercise training actually reflect an improvement in diastolic function or merely reflect differences in the loading conditions of the left ventricle. However, previous investigators have found exercise training induced no change in preload, as measured by right atrial and pulmonary capillary wedge pressure, at rest or during exercise,56 and we found no difference in afterload, estimated by mean arterial pressure, at rest or peak exercise (data not shown). We studied only men and thus our results may not be generalizable to healthy women, who predominate in the elderly population. We studied a relatively broad range of older subjects, which may mask age changes that can occur within an elderly group.
Diastolic filling parameters are very sensitive to the method used for normalization. The peak early filling rate in mL-s51 . m-2 probably is the best method to use when comparing the same individual during an intervention where the end-diastolic volume, heart rate, or end-diastolic volume, has significant limitations as a measure of diastolic filling as it is dependent on the heart rate, age, and ejection fraction.2 Thus, studies of diastolic filling probably should express the results by more than one method.
Conclusions
Healthy older men have markedly decreased early diastolic filling at rest and during exercise at all matched heart rates. Endurance exercise training enhances early diastolic filling at rest and during exercise in both the old and the young at all heart rates and also reduces the elevated resting peak atrial filling rate of the elderly. Both rest and exercise measurements of diastolic filling are relatively highly correlated with the maximal oxygen consumption, by both univariate and multivariate analyses, suggesting the potential importance of early diastolic filling in determining maximal oxygen consumption. The training-induced augmentation of early diastolic filling at rest and during exercise may be an important adaptation to allow an increase in stroke volume at rest and an increase in stroke volume, cardiac output, and maximal oxygen consumption during exercise.
